OPINION The pathogenesis of membranous nephropathy: evolution and revolution
INTRODUCTION
Membranous nephropathy was first delineated as a distinct clinicopathological entity slightly more than 50 years ago [1 & ]. For most of these five decades the pathogenesis was uncertain, but aberrant immune processes were strongly suspected to underlie the condition [1 & ]. The morphological lesion has two main presentations: first, as a primary disease affecting the glomeruli in the absence of any systemic disease process (such as systemic lupus erythematosus or malignancies) and without known inciting causes (such as drugs or chronic viral infections) [1 & ,2]. Primary membranous nephropathy is also referred to as 'idiopathic' membranous nephropathy, although this term has inherent weaknesses when used in a modern framework. The other presentation is as a disease secondary to recognizable systemic disease, inciting factors or cause. Secondary forms of membranous nephropathy are remarkably diverse (see below for a classification system of primary and secondary membranous nephropathy) [2] . There is no a priori reason to believe that both primary and secondary membranous nephropathy have similar or even related underlying pathogenetic mechanisms. Experimental work in an animal model of human membranous nephropathy (Heymann nephritis) has clearly shown that the characteristic morphologic feature of membranous nephropathy (subepithelial deposits containing immunoglobulins) is largely evoked by the in-situ formation of immune complexes as circulating antibodies react with locally synthesized (or artificially planted) antigens [1 & ] (see [3 & ] for a review). These experimental findings led to the proposition that an autoantibody to a defined native antigen (intrinsic to the glomerular visceral epithelial cell -the podocyte) was the fundamental mechanism involved in the great majority of primary ('idiopathic') membranous nephropathy cases in humans and that primary membranous nephropathy is largely an autoimmune disease. However, until recently the precise nature of the autoantibody and its target antigen was unknown in the vast majority of patients with presumed primary membranous nephropathy. The seminal and breakthrough discovery of M-type phospholipase A2 receptor (PLA2R) protein as the target antigen in human primary ('idiopathic') membranous nephropathy by Beck and coworkers in 2009 paved the way for a revolution in our understanding of this disease [4 && ,5] , and rendered the term 'idiopathic' membranous nephropathy to a domain of lesser relevance, even though the fundamental processes leading to the formation of autoantibody to this target antigen (cause) remain obscure. In addition, it is clear that mechanisms other than binding of anti-PLA2R to its respective target antigen on the podocyte probably explain a minority (perhaps 10-20%) of cases of human membranous nephropathy that are thought to be of a primary nature by conventional morphological and clinical criteria [5] [6] [7] . A proposed classification of primary and secondary membranous nephropathy is given below. 
ANTI-PLA2R AUTOANTIBODY-MEDIATED PRIMARY MEMBRANOUS NEPHROPATHY
The nephritogenic antigen (PLA2R1) is synthesized by podocytes and expressed in the membrane surface [4 && ,8] . PLA2R1 is a 180-KDa polypeptide with a long extracellular domain, consisting of a cysteine-rich head and fibronectin type II-like repeat domains and eight repeated carbohydrate-recognition domains, and short membrane-spanning and intracellular domains [8] . The nephritogenic epitope appears to be located in the methioninerich terminal extracellular domain and is destroyed by disruption of cysteine-cysteine disulfide bridges [4 && ]. The conformational nature of the epitope has been confirmed, and its function within the podocyte is uncertain, but studies have raised the possibility that PLA2R may be involved in cellular senescence through the p53 pathway [9] . Antibodies (IgG1 or IgG4 subclass) to this conformational antigen can be detected by Western blot or by other in-vitro assays using recombinant protein in 75-85% of patients with primary ('idiopathic') membranous nephropathy [4 && ,10 ]. An immunofluorescent assay may be clinically useful as well
KEY POINTS
The pathogenesis of human primary membranous nephropathy has been clarified by recent studies showing the involvement of a podocyte antigen, PLA2R, and an autoantibody response to this autoantigen leading to the in-situ formation of immune complexes, principally (but not exclusively) containing IgG4, in glomeruli.
Genetic control of the auto-anti-PLA2R is determined by the nature of the conformational epitope on PLA2R, likely controlled by polymorphisms at the PLA2R gene locus and by polymorphisms at the HLA-DQA1 locus.
Other autoantigens synthesized by the podocyte, arising endogenously from nonglomerular sources or derived exogenously, may also participate in some cases of membranous nephropathy.
These findings contribute to a rapidly changing and dynamic picture for diagnosis, prognosis and therapeutic monitoring in human membranous nephropathy. [11] . Only a very small fraction of secondary membranous nephropathy (e.g. hepatitis B viral infection) has detectable anti-PLA2R autoantibodies, except for malignancy-related membranous nephropathy which may have circulating anti-PLA2R autoantibodies in as many as 30% of cases [10] . The factors potentially responsible for 'anti-PLA2R negative' primary membranous nephropathy are numerous and include poor sensitivity of current assays; heterogeneity of the conformational PLA2R epitope among cases of membranous nephropathy; disappearance of the circulating antibody prior to clinical remission (spontaneous or treatment induced); and involvement of other, non-PLA2R1 antigen-antibody systems (e.g. neutral endopeptidase, superoxide dismutase, aldose reductase, alpha-enolase, cationic serum albumin and renal tubular antigens (megalin) [5, 6, 12 && , [13] [14] [15] [16] [17] 18 && ]. The evidence for pathogenicity of the anti-PLA2R1 autoantibodies in human membranous nephropathy is very strong: Anti-PLA2R autoantibodies can be eluted from diseased kidneys; the anti-PLA2R antibody co-localizes with the PLA2R antigen in glomeruli; recurrence of membranous nephropathy in the transplanted kidney may occur (but not consistently) in the presence of pretransplant anti-PLA2R antibody in the circulation; and anti-PLA2R autoantibody levels correlate with the clinical manifestations of disease and decrease or disappear with remission (spontaneous or treatment-induced) [19 && ,20 & ]. Circulating levels of anti-PLA2R antibody often decline prior to the onset of clinical improvement [20 & ]. Discrepancies may exist between the presence of anti-PLA2R autoantibodies in the circulation and the detection of granular deposits of PLA2R antigen in glomeruli (presumably as immune complexes) in membranous nephropathy [21] . Debiec and Ronco [21] studied 42 cases of primary membranous nephropathy: 21 had both anti-PLA2R antibody in circulation and PLA2R antigen in the glomerular deposits; 3 had anti-PLA2R autoantibody in the circulation but no PLA2R detectable in glomerular deposits; and 18 had no circulating anti-PLA2R autoantibody, but 10 of these had PLA2R detectable in the immune deposits. The latter finding could be explained by persistence of immune complexes in subepithelial sites long after the circulating antibody had disappeared.
The control of the nephritogenic immune response in anti-PLA2R antibody positive human membranous nephropathy appears to be under the control of genetic polymorphisms at chromosome 2 (the PLA2R1 gene locus) and on chromosome 6 (HLA-DQA1 or other closely contiguous genes at this locus, including DQA1 05:01, DQB1 [25] . Recently, in a small cohort (n ¼ 16) of apparently primary membranous nephropathy in children, Segawa et al. [29 & ] found more intense deposition of IgG1, IgG2, IgG4, Factor B and mannose-binding lectin (MBL) in 'global' membranous nephropathy compared to 'segmental' membranous nephropathy. These latter findings have not yet been confirmed in adults with primary membranous nephropathy. Taken together, these observations suggest that primary membranous nephropathy should be regarded as an IgG4-associated disease entity. Th2 cytokine activation appears to promote IgG4 synthesis in primary membranous nephropathy [31] . IgG4 fixes complement poorly via the alternative or classical pathway [32] . It also tends to interfere with the formation of an immune complex lattice when IgG1 antibodies are present [33] and can interfere with complement activation [34] . In this sense, IgG4 might be a 'protective' antibody, whereas other immunoglobulin subclasses might be pathogenic.
In experimental animals, C activation and local formation of the membrane-attack complex (C5b-C9) is a prerequisite for the development of proteinuria in membranous nephropathy, although T-cell activation (CD8 þ ) may also participate in the generation of proteinuria [35, 36] . Mannose-binding lectin (MBL) is commonly co-deposited with IgG in 'global' forms of membranous nephropathy [29 & ] and the MBL pathway of complement activation (acting via C4) could theoretically be very important in human membranous nephropathy. In the allogeneic form of infantile membranous nephropathy due to neutral endopeptidase (NEP), alloantibodies of the IgG1 subclass rather than IgG4 subclass alloantibodies may be crucial for development of proteinuria [12 && ]. Malignancy-related membranous nephropathy [37] 
The recent observation that a large minority (about 30%) of patients with malignancy-related membranous nephropathy have circulating anti-PLA2R1 autoantibodies (by an improved Western blot assay), if confirmed independently, raises important questions regarding the pathogenesis of primary membranous nephropathy [10] . Are the anti-PLA2R antibody-positive cases of malignancy-associated membranous nephropathy also characterized by IgG4 dominant deposits of IgG? This seems unlikely as many studies have shown that malignancy-associated membranous nephropathy is seldom associated with IgG4-dominant IgG deposition [26 & ]. Are some malignancies associated with aberrant expression of PLA2R1 nephritogenic epitopes leading to autoimmunity resembling that seen in primary membranous nephropathy? Resolution of the fine structure of the relevant epitopes on PLA2R1 in various disease states will likely resolve this conundrum.
Finally, the stimuli for autoantibody production in PLA2R1-positive human membranous nephropathy remain largely unknown. Is cross-reacting molecular mimicry evoked by exposure to some ubiquitous environmental antigen (e.g. virus) in the presence of a susceptible genetic milieu (e.g. a PLA2R1 SNP)? If so, the prospect for a preventive strategy for membranous nephropathy looms large on the horizon.
RECURRENCE OF PRIMARY MEMBRANOUS NEPHROPATHY IN RENAL ALLOGRAFTS: IMPLICATIONS FOR PATHOGENESIS
A recurrence of membranous nephropathy in renal allografts performed in patients with membranous nephropathy in their native kidneys has been described for many decades [38] . The frequency of this phenomenon varies between 10 and 40% (depending on the method of ascertainment) and can result in graft loss [ ]. Twenty-one cases of recurrent membranous nephropathy were studied in biopsies taken 0.3-4 months after transplantation. The features of early recurrence of membranous nephropathy were granular glomerular deposition of IgG, kappa and lambda light chains, C4d but usually no C3. Electron-dense subepithelial deposits were observed in 11 of 19 cases studied by electron microscopy. Studies of IgG subclass deposition or MBL were not performed. Control biopsies lacked IgG, C4d, C3 and electron-dense deposits. This very important study raises the issue of a possible role of the MBL pathway of complement activation in the pathogenesis of membranous nephropathy and may encourage the application of complement inhibiting therapy for recurrent disease. It should be noted that the presence of anti-PLA2R autoantibodies prior to transplantation does not always predict recurrence. Whether this is due to the existence of circulating 'nonpathogenetic' anti-PLA2R autoantibodies or to immunogenetic properties of the transplanted kidney cannot be determined at the present time. The absence of C3 deposits in 'early recurrence' of membranous nephropathy is also not easily explained. Recurrences of primary membranous nephropathy are associated with IgG4 deposition, whereas de-novo membranous nephropathy is associated with IgG1 deposition in the glomeruli of allografts [25] .
OTHER ANTIGEN-ANTIBODY SYSTEMS IN PRIMARY MEMBRANOUS NEPHROPATHY
Although PLA2R1-anti-PLA2R1 appears to be the major antigen-antibody system operative in primary ('idiopathic') membranous nephropathy, other target antigens and antibodies may also be involved in the pathogenesis of apparently primary membranous nephropathy [5, 6, 12 anti-NEP alloantibodies, which permeate through the placenta and bind to the native NEP on the fetal podocyte leading to membranous nephropathy, expressed at birth or later. Similar anti-NEP autoantibodies may participate in some cases of membranous nephropathy of adult onset, but this has not been systematically evaluated. In addition, on rare occasions infants fed cow's milk (containing bovine serum albumin; BSA) may develop membranous nephropathy based on absorption of cationic component of BSA and its subsequent binding to anionic sites in the glomerular capillary wall where it can serve as a 'planted antigen' target for anti-BSA antibodies (to specific epitopes on the BSA molecule) [18 && ]. This sequence of events has been elegantly described in a small number of infants/children with apparent primary membranous nephropathy, but has not yet been described in adults with apparent primary membranous nephropathy, despite the relative frequency of anti-BSA antibodies in adults.
Additional cases of apparent primary membranous nephropathy involving superoxide dismutase, aldose reductase and alpha-enolase have also been reported, but not independently confirmed [13] [14] [15] [16] . Antibodies to alpha-enolase (IgG4 subclass) have been described in membranous nephropathy and eluted from biopsies of patients with membranous nephropathy, but the specificity of this observation has not yet been independently verified [14] . Some of these autoantibodies may represent examples of 'epitope spreading', a common phenomenon in chronic autoimmune diseases. The pathogenetic role of these uncommon autoantibodies in primary membranous nephropathy still remains to be clarified.
ANTIGEN-ANTIBODY SYSTEMS IN SECONDARY MEMBRANOUS NEPRHOPATHY
It has been known for many decades that circulating immune complexes, composed of an exogenous (heterologous) or endogenous (autologous) antigen (not native to the kidney) and its corresponding antibody, can be associated with a lesion of membranous nephropathy in experimental models of disease [1 & ,5]. Classically, chronic serum sickness induced by repeated injections of BSA (or bovine gamma globulin) is the model of this disease [40] . Human examples of this model can be cited including cancer-associated membranous nephropathy (neoepitopes of tumor-related antigen); druginduced membranous nephropathy (mercury or gold); chronic viral diseases (hepatitis B related viral antigen); and thyroid disorders (thyroglobulin) and systemic autoimmune diseases (dsDNA or nucleosomes in lupus erythematosus). The exact mechanisms whereby the circulating immune complexes are concentrated in the subepithelial space of glomeruli are poorly understood. Theoretically, an oligovalent antigen combined with a low-affinity antibody could dissociate and re-associate during migration from the circulation to the subepithelial space and be localized underneath the slit-pore membrane between podocytes. Alternatively, a biophysical attraction (e.g. electrostatic charge interaction) between the antigen and constituents of the basement membrane or podocyte cell membrane might allow certain antigens to 'plant' in subepithelial sites to become targets of circulating antibody (see BSA above). Finally, in rare circumstances megalin (the antigen involved in experimental membranous nephropathy of rats: Heymann nephritis) has been suggested as a target antigen in human disease (such as sickle cell nephropathy, with membranous nephropathy) [17] , but megalin is not a target antigen nor do antimegalin antibodies appear in the circulation in primary ('idiopathic') membranous nephropathy [41] . Of note, anti-PLA2R autoantibodies have been observed in sarcoidosis [42] and lupus nephritis [43] as well as in malignancy-related membranous nephropathy [10] . Monoclonal immunoglobulins with unusual charge characteristics may bind to anionic sites in the subepithelial space like cationic BSA [18
&&
,44] and evoke a picture of membranous nephropathy [45] .
CLINICAL PERSPECTIVES
The delineation of target antigens (particularly PLA2R) and the immunogenetic foundations of susceptibility will have a transforming effect on diagnosis, prognostic evaluation and therapy of human primary membranous nephropathy, including the possible avoidance of a recurrence of the disease in renal allografts. The in-situ mechanism of formation of subepithelial immunoglobulin containing deposits is well established in membranous nephropathy (particularly in primary membranous nephropathy), but other mechanisms may be operative as well (particularly in secondary membranous nephropathy) (see Fig. 1 ). Although the shroud enclosing primary membranous nephropathy in mystery has been partially thrown off, much still remains to be discovered. How do the conformational epitopes on native PLA2R become expressed and how do they elicit an autoantibody response? What is the molecular nature of the connection between PLA2R1 SNPs and the susceptibility to membranous nephropathy? Why is the autoantibody response so IgG4 subclass dominant in human primary membranous nephropathy? How does the in-situ binding of autoantibody to podocytes lead to a perturbation in glomerular permselectivity (proteinuria)? What are the intermediaries and mediators of podocyte injury in primary membranous nephropathy? What is the spectrum of antigen-antibody systems that operate in primary membranous nephropathy? What pathogenetic mechanisms are responsible for the development of secondary membranous nephropathy?
These and other questions not yet asked will be the focus of future research in membranous nephropathy. The breakthroughs in identifying target antigen in human membranous nephropathy have greatly invigorated the entire research environment of membranous nephropathy, and great advances in our knowledge are expected to occur in the coming decade.
CONCLUSION
Recent advances in our understanding of the pathogenesis of human membranous nephropathy have been both profound and transforming. Clearly, autoantibody formation to PLA2R expressed on the normal glomerular podocyte with in-situ formation of nephritogenic immune complexes is a major factor in primary membranous nephropathy. However, other antigen-antibody systems may also be operative in some cases of primary and many cases of secondary membranous nephropathy, such as malignancy-related membranous nephropathy. A genetically determined predisposition to primary membranous nephropathy disease is now well established. The fine details of autoepitope expression, recognition and autoantibody formation, including the unique predominance of an IgG4 autoantibody response and its genetic control, and the precise mechanisms whereby in-situ formation of immune complexes elicits proteinuria are all under intense investigation. Factors involved in the recurrence of primary membranous nephropathy in renal allografts are increasingly well understood. Much remains to be done, but already new tools for diagnosis, prognosis and therapeutic monitoring of patients with primary membranous nephropathy have been made available. Recurrences of membranous nephropathy in renal allografts may be rendered avoidable. Human membranous nephropathy has evolved from a mysterious disease 
